Based on high-throughput density functional theory calculations, we investi- 
Introduction
Permanent magnets are of great technical importance for many key technologies such as electric vehicles, wind turbines, and automatisation and robotics to name only a few [1] . Looking at the intrinsic magnetic properties, such materials demand a large magneto-crystalline anisotropy energy (MAE), a sizable saturation magnetization, and a high Curie temperature. The MAE originates from the spin-orbit coupling (SOC) and sets an upper limit for the microstructure dependent coercivity of permanent magnets. At present, rare-earth magnets based [2] . Thus, there is a great interest to develop novel permanent magnets so that the full spectra of applications can be achieved, ideally without critical elements such as rare-earth elements [3, 4 ].
An enlightening idea was proposed to achieve giant MAE in tetragonally dis- [10] The effect of light interstitials on the magnetic 2 properties of body-centered cubic (BCC) iron has also been well studied. α-Fe with 12.5 at% content of nitrogen interstitial has been grown by sputtering on the MgO (100) substrates, leading to about 10% tetragonal distortion and significant enhancement of magnetization and MAE [11] . First-principle calculations and experimental results show that Fe with nitrogen interstitial has sizable MAE, favoring perpendicular magnetization [11] . Using the molecular beam epitaxy, boron has been incorporated into bcc Fe as interstitial dopants, which give rise to tetragonal distortions but the resulting MAE still favors inplane magnetization due to tendency for B atoms to be agglomerated [12] , where the interstitial content of B atoms can be as high as 14 at%.
Considering only the crystal structure, the austenite phase of Heusler alloys with the conventional cubic cell can be regarded as a 2 × 2 × 2 supercell of the bcc lattice. In this regard, light interstitials such as H, B, C, and N can also be promising to induce significant tetragonal distortions and thus substantial [18, 19, 20] .
In this work, focusing on developing rare-earth free permanent magnets,
we have performed high-throughput first-principles calculations to investigate the effects of light interstitials (e.g., H, B, C, and N) on cubic Heusler alloys.
After identifying the most favorable site preference of the interstitial atoms, the MAE of compounds with negative formation energy was evaluated to select the most promising candidates. Apart from thermodynamically stable criteria, the disorder effect should also be considered, which is however beyond the scope of the present paper and saved for future study. We observed that the induced Fig 1(a) . The DFT calculations are managed with our in-house developed high-throughput environment (HTE) [22, 23] , using both the Vienna ab initio Simulation Package (VASP) [24, 25] and full-potential local-orbital (FPLO) [26, 27] codes. The structure optimization is performed in a two step manner. Firstly, ultrasoft 4 pseudopotentials (US-PP) [28] are used in combination with the PW91 [29] 
Results and discussions
As shown in Fig. 1(a 
5 where E α is the total energy when magnetization direction is parallel to α. When the MAE value is positive (negative), the spontaneous magnetization will lie in the out-of-plane (in-plane) direction. Nevertheless, not all the interstitials are thermodynamically stable, as indicated by the formation energy. The candidates with an MAE more than 0.4 MJ/m 3 and a negative formation energy are listed in Table 1 .
We notice all the parent Heusler compounds listed in Table 1 As shown in Table 1 [41, 42] . Previous theoretical study [43] found that full Heusler Fe 2 CoGa have a martensitic phase transition with a c/a ratio as 1.4, which is also confirmed by our calculation (cf. Fig. 2(a) ). According to our Bain-path calculations, the inverse Heusler structure is still more energetically favored for Fe 2 CoGa, even after considering H, B, C, and N interstitials. Nevertheless, after introducing interstitials, for the full Heusler structure, the c/a ratio is near to 1.4; whereas for the inverse
Heusler structure, the c/a ratio of Fe 2 CoGa with interstitials is just from 1.1-1.2 due to there is no metastable phase ( Fig. 2(a) which will be discussed in detail below.
Turning now to the origin of the induced MAE by interstitials, from the theoretical perspective, beside the shape anisotropy due to the magnetic dipoledipole interaction, the magneto-crystalline anisotropy (MCA) can be attributed to the spin-orbit coupling (SOC), which is the dominant contribution to MAE and hence coercivity for PMs. Based on the perturbation theory, Bruno [49] pointed out that the MCA can be formulated as
where ξ i denotes the atomic SOC constant and ∆µ i is the orbital moment difference between the magnetization directions parallel to [001] and [100] for the i-th atom. We note that such a model is best applicable for strong magnets where the majority spin channel is almost fully occupied, whereas there is a more general formula considering the spin-flip and quadruple terms [50] . Taking Ni 2 FeGa as an example, 
Conclusion
Based on high-throughput DFT calculations, we investigated the effects of (H, B, C, and N) interstitials on the magnetic properties of cubic full Heusler compounds. We identified 32 compounds with substantial uniaxial MAE. Detailed analysis reveals that in addition to the breaking of the cubic symmetry, the changes in the local crystalline environment can induce significant contribution to the MAE, which can be attributed to the chemical bonding between the interstitial and surrounding magnetic atoms. This could provide an efficient way to design permanent magnets, which shall be explored further both experimentally and theoretically. • Bain path calculations reveal that interstitials cause stable tetragonal distortion to full
Heusler alloys.
• Analysis based on the perturbation theory and chemical bonding suggests that the uniaxial anisotropy can be attributed to change in the local crystalline environments around the interstitials.
• We postulate that this provides a universal way to tailor the magnetic properties of prospective permanent magnets.
